The ppc gene, which encodes phosphoenolpyruvate carboxylase (PEPC) of an extremely thermophilic bacterium, Rhodothermus obamensis, was directly sequenced by the thermal asymmetric interlaced (TAIL) PCR method. An ORF for a 937 amino acid polypeptide was found in the gene. The ppc gene had a high G+C content (662 mol%) and the third position of the codon exhibited strong preference for G or C usage (859 mol%). The calculated molecular mass was 107848 Da, which was consistent with the molecular mass of the enzyme as determined by SDS-PAGE (100 kDa). The amino acid sequence of R. obamensis PEPC was closely related to that of PEPC from another thermophile, a Thermus sp., and from a mesophile, Coqynebacterium glutamicum, exhibiting 45.3% or 37.7% identity and 61.5% or 56.5% similarity, respectively. By Southern analysis, the ppc gene was found to be present in a single copy in the genomic DNA of this organism. The cloned gene was expressed in Escherichia coli using a PET expression vector system and a thermostable recombinant PEPC was obtained. Comparison of the deduced amino acid sequences of the thermophilic and mesophilic PEPCs revealed distinct or common preferences for specific amino acid composition and substitutions in the two thermophilic enzymes.
INTRODUCTION
Recently, there has been increasing interest in thermophilic organisms due to their novel biochemical machinery which sustains them under extraordinarily high temperatures (Adams, 1993; Adams et af., 1995) . A number of proteins have been isolated from various thermophiles and studied with respect to their unusual thermostability (Adams 1993 (Adams ,1994 Adams et af., 1995; Cowan, 1995; Daniel, 1996; Jaenicke, 1996a, b) . To Abbreviations: PEPC, phosphoenol pyruvate carboxylase; TAIL PCR, thermal asymmetric interlaced PCR.
The EMBL accession number for the R. obamensispepcsequence reported in this paper is X99379.
elucidate the mechanisms of thermostability, protein intrinsic thermostability has been extensively probed by comparing amino acid sequences between thermophilic and mesophilic homologous proteins (Bohm & Jaenicke, 1994; Britton et al., 1995) , by analyses of protein folding (Schultes & Jaenicke, 1991 ; Cavagnero et al., 1995) , by using molecular engineering techniques (Arias & Argos, 1989; Cannio et al., 1994; Tamakoshi et af., 1995; Kotsuka et af., 1996) and by determining protein three-dimensional structures (Day et af., 1992; Chan et af., 1995) . However, the mechanisms involved
have not yet been resolved.
Another approach to an understanding of these mechanisms is to explore extrinsic factors, which lie not in the protein itself but outside it, that might stabilize it under high temperature. We have studied the role of extrinsic factors in the thermostabilization of phos-stability (Takai et al., 1997a) . This implies that the thermophilicity and thermostability of R. obamensis PEPC are distinct from those of other bacterial PEPCs and that this enzyme is a good model for the comparative investigation of thermostability. In addition, the thermostability of R. obamensis PEPC was strongly enhanced by substrate, cofactor, salts and positive allosteric effectors, and a possible function of these extrinsic thermostabilization factors was to maintain quaternary structure (Takai et al., 1997a, b) . However, the molecular basis of the interaction between these extrinsic factors and enzyme, and structural changes induced by the factors is still unknown. Furthermore, the threedimensional structure of this enzyme has been not yet been determined. To resolve these problems, the cloning, sequencing and expression of the gene for R. obamensis PEPC is essential. We report here the cloning, sequencing and overexpression in Escherichia coli of the gene (ppc) for R.
obamensis PEPC. The deduced amino acid sequence of the enzyme was compared with that of other thermophilic and mesophilic counterparts. Some preferred amino acid compositions and substitutions were found in the thermophilic enzymes, and the possible contribution of these to thermostability is discussed. Based on a phylogenetic analysis of the enzyme, its evolution is also discussed.
METHODS
Bacterial strain and growth conditions. The bacterial strain used in this study was R. obamensis OKD7 (JCM 9785), which was isolated from a shallow marine hydrothermal vent at Tachibana Bay, Nagasaki Prefecture, Japan (Sako et a!. , 1996a) . For culture of R. obamensis, Jx medium was used (Sako et al., 1996a) . The bacterium was grown at 76 OC and collected during the late-exponential growth phase. The cell pellet was frozen at -90 "C prior to genomic DNA extraction. Genomic DNA extraction and direct sequencing of the ppc gene. Genomic DNA was prepared as described previously (Sako et al., 1996a) . The purified DNA was used for Southern analysis and direct sequencing of the ppc gene. A partial fragment of the ppc gene was amplified by PCR. The primers used for amplification had the sequences 5'-TSACTGCY C-AY CCAACSGA-3' (TAHPT primer) and 5'-GTCCAGGCS-ATSACCCASGGGATGGC-3' (SLRAIP primer), corresponding to the highly conserved amino acid sequences among bacterial PEPCs reported to date and positions 136-142 and 712-718, respectively, in the amino acid sequence of E. coli PEPC (Fujita et al., 1984) (Fig. 1) . The 1.9 kb PCR product was directly sequenced on both strands by the dideoxynucleotide chain-termination method (Sanger et al., 1977) using a DNA sequencer model 373As (Applied Biosystems). Comparison of the translated amino acid sequence to that of other PEPCs showed significantly high similarity (Fig. 2) . In particular, the sequence contained several highly conserved regions, including the putative substrate-binding site motif, FHGRGGXX-GRGG (Ishijima et al., 1985) , seen in most PEPCs. These results strongly supported the proposal that the amplified fragment was a part of the ppc gene. Based on the partial sequence of the ppc gene, thermal asymmetric interlaced (TAIL) PCR was carried out to determine the sequence of the unknown regions adjacent to the known sequence of the gene (Liu & Whittier, 1995) . The long specific primers had the sequences 5'-CAGCAGGGTCTCCTGCTCCT-3' (LSl), 5'-CGACTTCGTCGCGAACGGTG-3' (LS2) and 5'-ACCGC-GACGGCAACCGGTAC-3' (LS3) for the upstream region of the known sequence and 5'-GGCCACGCGCAACCGTCand 5'-TCAGCCGCCTACCCATCGCC-3' (LS6) for the downstream region of the known sequence. For the TAIL PCR on both regions a short arbitrary degenerate primer was used, the sequence of which was 5'-GTCGASWGANAWGAAN-3' (AD1). With the primers LS3 and AD1 for the upstream region or LS4 and AD1 for the downstream region, the primary PCR was carried out by TAIL cycling. The products of the primary PCR were diluted and used as templates for secondary PCR by TAIL cycling with the primer sets LS2 and AD1 for the upstream region, and LS5 and AD1 for the downstream region. Finally, the secondary PCR products were diluted and used as templates for tertiary PCR by normal cycling with the primer sets LS1 and AD1, and LS6 and AD1. About 600 bp of fragment for the upstream region and about 800 bp of fragment for the downstream region were predominantly amplified and both fragments were then directly sequenced by the dideoxynucleotide chain-termination method. Both DNA sequences were successfully connected with the known sequence and their translated amino acid sequences revealed significantly high similarity with amino acid sequences of other PEPCs (Fig. 2) .
Southern analysis. Equal amounts of genomic DNA (15 pg per lane) were digested with restriction endonucleases, electrophoresed in a 1.0% (w/v) agarose gel and transferred to a positively charged nylon membrane (Boehringer Mannheim) .
As a hybridization probe, a 1.3 kb RNA fragment labelled with digoxigenin (DIG)-11-UTP was used. For labelling, a 1.3 kb DNA fragment was amplified by PCR using the primers with the sequences Y-CTTTGCAGATCGAAATCGAA-GGC-3' (INIT1 primer) and 5'-CCCGGTAGTCGTTCTC-GACA-3' (SPR2) indicated in Fig. I , and subcloned into a site adjacent to the T7 RNA polymerase promoter in the pCR I1 vector (Invitrogen). The subcloned vector containing the 1-3 kb fragment was linearized with HindIII and used as a template for in vitro transcription. The DIG RNA labelling kit (Boehringer Mannheim) was used for labelling and the procedure used was as described in the manufacturer's manual. Hybridization was carried out overnight in 50 % Alignment and analysis of amino acid sequences. A multiple alignment of amino acid sequences from various organisms was constructed with the software package ODEN version 1.1.1 (National Institute of Genetics, Mishima, Japan). The sequence identity and similarity for each aligned pair were then calculated based on the alignment. Continuous gaps were regarded as a single substitution in the calculation and sequence similarity was defined as the percentage of sites occupied by residues sharing the same physico-chemical properties in the aligned pair. The molecular mass inferred from the sequence, codon usage in the R. obamensis ppc gene and amino acid compositions of various PEPCs were calculated by DNASIS software version 3.6 (Hitachi). Based on the multiple alignment, the evolutionary distances among various PEPCs known to date were calculated by the method of Kimura and the phylogenetic tree was constructed by the neighbour-joining method (Saitou & Nei, 1987) using the ODEN software. The secondary structures of three PEPCs, from R. obamensis, Corynebacterium glutamicum and a Thermus sp., were inferred from the amino acid sequences by the method of Chou & Fasman (1978) using the DNASIS software and compared to each other with respect to the location of the amino acid substitutions. Cloning and overexpression of the ppc gene. The complete ppc gene of R. obamensis was amplified by PCR using the INIT2 primer with the sequence 5'-CATATGCTTCCCCC-TTTGCAGATCGAA-3' as a primer for site-directed mutagenesis to replace the GTG initiation codon by ATG and to create a NdeI site, and the END primer with the sequence 5'-CTATCCGGTGCTCTGCATGGCGG-3'. The amplified gene was subcloned into the pCR I1 vector and the resulting plasmid was designated pCRP2.8. A 2.8 kb fragment containing the ppc gene was cut out of pCRP2.8 with the restriction enzymes NdeI and BamHI and ligated into the PET l l a expression vector (Stratagene). The resulting plasmid was designated pEPEP2 and contained a 2.8 kb ORF for R. obamensis PEPC. E. coli BL21 cells containing pEPEP2 were cultured at 37 "C in LB medium (10 g tryptone l-', 5 g peptone l-l, 10 g NaCl 1-l)
containing 50 Fg ampicillin ml-'. In the middle of the exponential growth phase, 0 2 mM IPTG was added to the medium and growth at 37 "C continued for a further 5 h in the presence or absence of IPTG. Cells were harvested by centrifugation (8000 g, 20 min) at 4 "C and frozen at -90 "C prior to preparation of crude extracts.
Preparation of crude extracts and enzyme assay conditions.
Thawed cell pastes were suspended in 50 mM Tris/HCl (pH 8.0). The cells were broken by sonication and centrifuged at 24000 g for 20 min at 4 "C. The supernatants were used as crude extracts. These crude extracts were used both for electrophoresis and also in enzyme assays for PEPC activity at 65 "C. The PEPC activity of the crude extracts was routinely coupled to the malate dehydrogenase reaction and assayed by the previously described method (Takai et al., 1997a, b) . Purification and characterization of recombinant PEPC. E. coli BL2l/pEPEP2 cells were grown at 37 "C in LB medium containing 50 pg ampicillin ml-l to the mid-exponential growth phase. IPTG (0.2 mM) was then added to the medium and the cells were grown for a further 8 h at 37 "C. The cells were harvested as described above. The cell paste was suspended in 50mM Tris/HCl (pH 8.0) and broken by sonication. The crude extract prepared as described above was dialysed against 100 vols 50 mM Tris/HCl (pH 8.0) twice and incubated at 75 "C for 30 min. After heat treatment, the extract was centrifuged at 24000 g for 20 min at 4°C and the supernatant was applied to a column of Q-Sepharose (bed volume 50 ml) (Pharmacia) equilibrated with 50 mM Tris/HCl (pH 8.0). The recombinant PEPC was eluted with a linear gradient of NaCl ( 0 4 6 M NaCl) in 50 mM Tris/HCl (pH 8.0). The active R. obamensis C. glutamicum Thermus sp.
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* * * * * * * * * ., . * * * * * * * * ., (v/v) ethylene glycol. The purified enzyme was dialysed against 100 vols 50 mM Tris/HCl (pH 9.0) containing 10 O/ O (v/v) glycerol twice and tested with respect to its enzymological properties and thermostability. The effect of temperature and pH on the activity, the requirement for divalent cations and the effect of positive or negative allosteric effectors on activity were examined under standard assay conditions as described previously (Takai et af., 1997a, b) except for the modification of the pH value (from 8.0 to 9.0) in the reaction mixture. The thermostability of the recombinant PEPC was also determined under the same conditions as the previous study on the wild-type R. obarnensis PEPC (Takai et af., 1997a, b) except for the pH value (9.0) of the incubation buffer. To test the sensitivity of the enzyme to the strong denaturants urea and guanidine hydrochloride, the same concentration (9 pg ml-l) of wild-type and recombinant PEPCs was incubated in 50 mM Tris/HCl (pH 8.0 for wild-type and pH 9.0 for recombinant enzyme) containing various concentrations of denaturants at 20 "C for 30 min. The residual activities were then measured under the assay conditions described above.
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Other methods. PAGE of the crude extracts was performed with a 10% (w/v) polyacrylamide gel in the presence of SDS by the method of Laemmli (1970) . Molecular mass markers for SDS-PAGE were from Bio-Rad. Protein concentrations were routinely estimated by the method of Bradford (1976) with bovine serum albumin as the standard.
RESULTS
Sequence of the ppc gene
The nucleotide sequence of the p p c gene of R. obamensis was successfully determined by using TAIL PCR methods as shown in Fig. 1 . In the sequence, the termination codon TAG and the possible initiation codon GTG, which is often seen in genes from thermophiles (Itaya & Kondo, 1991) , were found. The position of the initiation codon was quite similar to the initiation positions of other PEPCs (Fig. 2) and was preceded by a 
Val 3 Leu* (C) Ser + Ala (C) Ile+Leu* (C) Asp + Glu (T)
Ser Thr" Cloning of pepC from Rhodotbermus obamensis putative rRNA binding site (Shine-Dalgarno sequence). These observations suggested that this GTG codon was the proper initiation codon of the ppc gene.
The ORF consisted of 2811 bp and encoded a polypeptide of 937 amino acid residues with a calculated molecular mass of 107848 Da. This value matched the apparent molecular mass of the purified R. obamensis PEPC estimated by SDS-PAGE (Takai et al., 1997a) . The G + C content of the R. obamensis ppc coding region was high (66.2 mol%) and an extreme bias for G or C was found in the third position of the codons (85.0 mol YO ) .
Southern analysis
To estimate the copy number of the R. obamensis ppc gene, a 1.3 kb RNA probe labelled with DIG-11-UTP, corresponding to the 5' half of the ppc gene ( Fig. 1 ) was hybridized to R. obamensis genomic DNA digested with various restriction endonucleases. HindIII, BamHI and SmaI restriction digests showed a single fragment that hybridized to the probe and the PstI digest contained two fragments that corresponded to the presumed upstream and downstream fragments at the PstI restriction site of the gene (Fig. 1) . These results indicated that PEPC is encoded by a single copy of the gene.
Alignment of PEPCs and phylogenetic analysis
The deduced amino acid sequence of R. obamensis PEPC was aligned with that of 16 PEPCs from various bacteria and plants. The alignment indicated that the amino acid sequence of R. obamensis PEPC was closely related to that of PEPCs from a thermophile, a Thermus sp. (To,, for growth 75 "C) (Nakamura et al., 1995) , and a mesophile, C. glutamicum (T,,, for growth 37 "C) (Eikmanns et al., 1989; Regan et al., 1989) , showing 45.3 % or 37.7 % identity and 61.5 Yo or 56.5 70 similarity, respectively. The alignment of the amino acid sequences of these three closely related PEPCs is shown in Fig. 2 .
Based on the multiple alignment of 17 PEPCs, including that of R. obamensis, an unrooted phylogenetic tree was constructed by the neighbour-joining method (Fig. 3 ) (Saitou & Nei, 1987) . The topology of the tree indicated that R . obamensis PEPC was most closely related to Thermus PEPC and that these extremely thermophilic PEPCs shared a common ancestor with the mesophilic enzyme (Fig. 3 ) .
R. obamensis PEPC amino acid composition and substitutions
The amino acid composition of R. obamensis PEPC was compared with that of representative PEPCs from various sources. In a comparison of amino acids of three distinct physico-chemical types (neutral non-polar, neutral polar, and acidic or basic), no apparent trends were found in R. obamensis PEPC, whilst the content of neutral nonpolar amino acids increased and the content of neutral polar amino acids decreased in Thermus PEPC. However, some preferences for specific amino acids were observed in the two thermophilic PEPCs. In R. obamensis PEPC, the content of Gly, Ser, Asn and Lys decreased and the content of Gln, His and Arg increased. Among these, the amino acid composition changes in Asn, Ser, Lys, His and Arg contents were consistent with the changes in Thermus PEPC. However, a lower content of Gly and a higher content of Gln were specific to R. obamensis PEPC. In addition, amino acid substitutions were examined among the closely related PEPCs from R. obamensis, Thermus sp. and C. glutamicum to examine whether any bias for specific amino acid substitutions existed between the mesophilic and thermophilic PEPCs (Table  1) . Three types of substitutions (R. obamensis-specific, Thermus-specific or thermophile-common substitutions) were found to be dominant in the thermophilic PEPCs (Table 1) . Most of the thermophile-common substitutions were in good agreement with those previously observed with other thermophilic proteins (Argos et al., 1979; Arias & Argos, 1989) but the substitutions of Ile for Leu, Ile for Val and Gln for Ala, dominant in R. obamensis PEPC (R. obamensis-specific substitutions) were not consistent with the general rule for thermophilic proteins. When the secondary structures of these PEPCs were compared, it was found that most of the substitutions of Ile for Leu and Ile for Val occurred in /?-sheets whereas most of the Thermusspecific substitutions were found in a-helices.
The expression of the R. obamensis ppc gene in E. coli and characterization of the recombinant PEPC E. coli BL21 cells were transformed with the recombinant plasmid pEPEP2 to express the cloned gene. The specific activity of PEPC in the crude extract from IPTGinduced E. coli BL2l/pEPEP2 was 32-2pmol NADH min-' (mg protein)-' at 65 "C. No PEPC activity was observed at 65 "C in the crude extract from E. coli BL2l/pEPEP2 grown in the absence of IPTG. Fig. 4(a) shows the results of SDS-PAGE of crude extracts from E. coli BL2l/pEPEP2 grown in the presence or absence of IPTG. A protein of 100 kDa was observed in extracts from IPTG-induced cells (lane 3 in Fig. 4a ). The calculated molecular mass of the protein and its migration on SDS-PAGE gels were identical to those of the native R. obamensis PEPC. These results indicated that a thermophilic PEPC of R. obamensis was successfully expressed in E. coli.
The recombinant PEPC was purified to electrophoretical homogeneity by heat treatment at 7 5 "C for 30 min followed by Q-Sepharose and Phenyl-sepharose column chromatography ( Fig. 4b and Table 2 ). Based on SDS-PAGE, the purified recombinant PEPC was electrophoretically identical to the native one (Fig. 4c) . respect to its enzymological properties and stability. The recombinant enzyme was purified 13.1-fold with a final specific activity of 506 pmol NADH min-' (mg protein)-l under standard assay conditions and an overall yield of about 27.5 ' / o ( Table 2 ). The enzymological properties of the recombinant PEPC were basically similar to those of the wild-type (Table 3 ). The only apparent difference was a change in optimum pH (from 8-0 to 9.0) for activity. The recombinant PEPC was extremely thermostable and the times required for 50 '/O The enzymological properties of the recombinant enzyme were determined under the same conditions as those of the wild-type (Takai et al., 1997a) except for the modification of the pH value (from 8-0 to 9.0) in the reaction mixture. In the determinations of thermostability of the recombinant PEPC, thermoinactivation was carried out as described previously (Takai et al., 1997a) loss of activity were about 120 min at 90 "C, 30 min at 91 "C and 15 min at 93 "C. This extreme thermostability of the recombinant PEPC was quite similar to that of the wild-type PEPC (Table 3 ) (Takai et al., 1997a) . Similarly, the stability of R. obamensis PEPC toward the strong denaturants, urea and guanidine hydrochloride was conserved in the recombinant enzyme from E. coli. In addition, the extrinsic thermostabilization systems were effective in the recombinant PEPC and the effect of most extrinsic thermostabilization factors on the thermostability of the recombinant enzyme was identical to that on the wild-type R. obamensis PEPC. Only MgSO,, which was an effective thermostabilization factor for the wild-type R. obamensis PEPC, strongly decreased the thermostability of the recombinant enzyme (Table 3) .
DISCUSSION
In this study the gene for PEPC from an extremely thermophilic bacterium, R. obamensis was successfully cloned, sequenced and expressed in E . coli (Fig. 1) . The gene consisted of 2811 bp and encoded a polypeptide of 937 amino acid residues with a calculated molecular mass of 107848 Da. The G + C content of the R. obamensis ppc coding region was 66.2 mol% and the content in the third position of the codons was 85.0 mol%. The G + C content of the genomic DNA and of the 16s rRNA gene (EMBL accession number X95071) of R. obamensis are 66.6 mol% and 60.2 mol%, respectively (Sako et al., 1996a) . The high G + C content found in the genomic DNA and the ppc gene was also observed in the genus Thermus (Brock & Brock, 1984; Nakamura et al., 1995) . The extreme bias for a G or C was probably associated with the preference for some amino acid compositions and substitutions in the thermophilic PEPCs. In fact, the comparison of amino acid composition revealed that some preferential amino acid compositions are present in thermophilic PEPCs. In R. obamensis PEPC, the content of Gly, Ser, Asn and Lys decreased and the content of Gln, His and Arg increased. Among these, the increased Gln content was unusual with respect to previously proposed rules for thermophilic adaptation (Argos et al., 1979; Arias & Argos, 1989) . The contribution of the increased Gln residues to thermostability is quite interesting but still unclear. In addition, the amino acid substitutions were examined among the closely related PEPCs from R. obamensis, Thermus sp. and C. glutamicum (Fig. 2) to examine whether some bias for the specific amino acid substitutions existed between the mesophilic and thermophilic PEPCs (Table 1) . From the phylogenetic analysis of PEPC described below, it is suggested that the two thermophilic PEPCs of R. obamensis and Thermus sp. share a common ancestor with the mesophilic enzyme from C. glutamicum. Hence, the alterations of amino acids between C. glutamicum and each thermophile were likely to reflect a possible strategy for intrinsic thermal adaptation of the thermophilic PEPCs (Table 1) . As thermophile-common substitutions, the replacements of Ile by Leu, Val by Leu, Ala by Leu and Ala by Arg were found and these are the possible thermophilic substitutions previously proposed or observed (Argos et al., 1979; Privalov & Gill, 1988; Zuber, 1988; Arias & Argos, 1989) . However, the R. obamensis-specific replacements of Leu by Ile, Val by Ile and Ala by Gln were not consistent with such rules for thermophilic adaptation.
In a comparison of amino acid compositions of Dglyceraldehyde-3-phosphate dehydrogenase (GAPDH) from mesophilic and thermophilic sources, it was shown that the Ile content was significantly increased and the Leu content was decreased in the GAPDH of a hyperthermophilic archaeon, Pyrococcus furiosus, and the increased Ile content was also seen in the GAPDH of a hyperthermophilic bacterium, Thermotoga rnaritima (Bohm & Jaenicke, 1994) . In addition, Britton et al. (1995) indicated that the replacements of Leu by Ile and of Val by Ile were the most frequent substitutions in comparisons of the glutamate dehydrogenases from the mesophilic bacterium Clostridium symbiosum and the hyperthermophilic archaea Thermococcus litoralis and P. furiosus. It was suggested from the inferred threedimensional structures of the hyperthermophilic glutamate dehydrogenases that these exchanges of amino acids involved the addition of an extra methyl group to the enzymes and the increased packing density caused by these exchanges was associated with the thermostability of the thermococcal enzymes (Britton et al., 1995) . In comparisons of the secondary structures of the closely related PEPCs from R. obamensis, Thermus sp. and C.
glutarnicum the R. obamensis-specific substitutions were found to occur in the p-sheets. It seems likely that the increased hydrophobicity arising from the exchange from Leu to Ile or from Val to Ile has an effect on stabilizing the p-sheet structure in R. obamensis PEPC.
However, in the higher levels of structure, as suggested in the thermococcal glutamate dehydrogenases, these exchanges might be involved in the increased packing density at the molecular cavity or hydrophobic core in the enzyme. Further investigation of the specific amino acid composition and substitutions in R. obamensis PEPC will require structural data, including the threedimensional structure of the enzyme and the structuredependent molecular engineering of thermostability. As a first step, we established the overexpression of the p p c gene in E . coli.
The cloned p p c gene was successfully expressed in E.
coli using a PET expression vector system (Fig. 4) . This is the first example of an R. obamensis protein expressed in a mesophilic host. The enzymological properties and enzyme stability of the recombinant PEPC were basically similar to those of the wild-type enzyme. The minor changes observed were in optimum p H for activity and the effect of MgSO, on thermostability. From the sequence analysis of the recombinant plasmid pEPEP2 several substitutions were found in the nucleotide sequence of the cloned ppc gene, but these were all synonymous substitutions and the amino acid sequence of the recombinant PEPC was completely conserved. This implied that the minor changes resulted not from the amino acid substitutions but from the mesophilic expression in E. coli, which may bring about the partially incomplete folding or incorrect local structure of the recombinant PEPC at relatively low temperatures. Another possible explanation is that some posttranslational modifications of R. obamensis are involved in the correct folding and structure of native PEPC.
The phylogenetic analysis of PEPCs from various bacteria and plants indicated the interesting molecular evolution of the enzyme (Fig. 3) . Based on the amino acid sequences of bacterial and eukaryotic PEPCs, Toh et al. (1994) and Lepiniec et al. (1994) have suggested a close relationship between proteobacterial and eukaryotic enzymes, and a bacterial origin of the eukaryotic PEPCs. In addition, recent phylogenetic studies based on central metabolic enzymes such as malate dehydrogenese, enolase and phosphoglycerate kinase have suggested a closer relationship between Bacteria and Eukarya than Archaea (Doolittle & Brown, 1994) . Although no sequence information of archaeal PEPCs has yet been reported, we have studied several archaeal PEPCs from the hyperthermophilic methanogen Methanothermus sociabilis and thermoacidophilic Sulfolobus species (Sako et al., 1996b; Sako et al., 1997) . In comparisons of molecular and enzymological properties, archaeal PEPCs were significantly different from bacterial and eukaryotic counterparts in their small size and allosteric properties. These results support the proposed close relationship between proteobacterial and eukaryotic enzymes and the bacterial origin of eukaryotic PEPCs. Sequence information for archaeal PEPCs is essential for understanding the molecular evolution of these enzymes and may also give new insight into their thermostability .
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